The transcription factor MYC plays a pivotal role in cancer initiation, progression, and maintenance. However, it has proven difficult to develop small molecule inhibitors of MYC. One attractive route to pharmacological inhibition of MYC has been the prevention of its expression through small molecule-mediated stabilization of the G-quadruplex (G4) present in its promoter. Although molecules that bind globally to quadruplex DNA and influence gene expression are well-known, the identification of new chemical scaffolds that selectively modulate G4-driven genes remains a challenge. Here, we report an approach for the identification of G4-binding small molecules using small molecule microarrays (SMMs). We use the SMM screening platform to identify a novel G4-binding small molecule that inhibits MYC expression in cell models, with minimal impact on the expression of other G4-associated genes. Surface plasmon resonance (SPR) and thermal melt assays demonstrated that this molecule binds reversibly to the MYC G4 with single digit micromolar affinity, and with weaker or no measurable binding to other G4s. Biochemical and cell-based assays demonstrated that the compound effectively silenced MYC transcription and translation via a G4-dependent mechanism of action. The compound induced G1 arrest and was selectively toxic to MYCdriven cancer cell lines containing the G4 in the promoter but had minimal effects in peripheral blood mononucleocytes or a cell line lacking the G4 in its MYC promoter. As a measure of selectivity, gene expression analysis and qPCR experiments demonstrated that MYC and several MYC target genes were downregulated upon treatment with this compound, while the expression of several other G4-driven genes was not affected. In addition to providing a novel chemical scaffold that modulates MYC expression through G4 binding, this work suggests that the SMM screening approach may be broadly useful as an approach for the identification of new G4-binding small molecules.
T he oncogenic transcription factor MYC has a pleiotropic role in a wide range of cell processes 1 and is deregulated in some 70% of human cancers. 2 However, targeting the MYC protein directly has proven to be difficult due to a lack of welldefined pockets amenable to small molecule binding, 3−6 which makes it desirable to evaluate alternative mechanisms for inhibiting MYC function. 7, 8 One such mechanism is through stabilization of the G-quadruplex (G4) present in the MYC promoter region. 9 G4s are guanine-rich, noncanonical Hoogsteen-bonded nucleotide structures found in many RNA and DNA sequences ( Figure 1A) . 10, 11 MYC Expression is regulated by a 27 base pair (Pu27) sequence, found in the nuclease hypersensitive element III(1) region (NHEIII 1 ) of the MYC gene, that is known to form a G4. 12 The specific mechanism by which the G4 regulates transcription remains under investigation, though one model that has been put forth is that formation of a G4 in this sequence results in a "kink" in the DNA that prevents the polymerase from continuing along its reading frame, ultimately resulting in down-regulation of the associated gene. 13 A second, and perhaps more likely, model suggests that G4 formation modulates protein−DNA interactions (for example, with nucleolin 14 or ADAR1 15 ), leading to regulation of transcription. The use of small molecules to stabilize the G4 conformation and consequently decrease MYC expression is an attractive therapeutic goal in cancers where MYC contributes to the oncogenic phenotype. Many G4 stabilizing compounds are known; however, a G4-modulating drug remains elusive. Thus, approaches to identify new G4 binders are of high interest. 16 Previous studies have robustly demonstrated that small molecules that bind tightly to the MYC G4 affect MYC expression. 17 A number of reported ligands, many with nanomolar affinity, are known to effectively stabilize G4 DNA according to structural and biophysical measurements; 18, 19 however, not all of these molecules have been validated in cellular models or in vivo. 20, 21 Additionally, although some G4 ligands silence MYC expression in cells, many are not selective, 22 and their activity cannot always be attributed to a MYC G4-dependent mechanism of action. 23 The only G4-stabilizing molecule that has advanced to clinical trials is Quarfloxin (CX-3552, Cylene Pharmaceuticals, Tetragene), which induces apoptosis and cell death in cancer cells. Its mechanism of action is believed to involve the inhibition of rRNA biogenesis via disruption of the interaction between nucleolin and ribosomal G4 DNA. 24 Furthermore, many other reported G4 ligands are also duplex DNA intercalators, exhibit promiscuous reactivity, or bind to G4s with greater than a 1:1 binding stoichiometry. 9, 25, 26 TMPyP4, a commonly used reagent in G4 binding studies, is a cationic porphyrin that binds G4 DNA in multiple fashions 27 and exhibits significant off-target activity. 28−30 A second prominent example is pyridostatin, which was designed to bind all G4s in the cell. 31, 32 Another notable G4-stabilizing molecule is BRACO-19, comprised of an acridine scaffold. 33−35 New structural classes of potent, selective G4 ligands that selectively silence genes by stabilizing G4 DNA are of substantial utility as reagents to study MYC biology, to understand quadruplexdependent gene regulation, and as potential scaffolds for therapeutic development. The continued emergence of G4s as regulatory elements in many genes means that new methods to rapidly identify novel G4 binding small molecule scaffolds with differential binding profiles are also of high importance.
Here, we report an approach for the identification and characterization of a new class of small molecule MYC G4 ligands using small molecule microarrays (SMMs). Although SMMs have been broadly used to identify inhibitors of protein targets, they have been used much less often for nucleic acid structures. We hypothesized that using an unbiased SMM screen might provide a rapid method for the identification of new quadruplex-binding molecules. To realize this goal, we performed a SMM screen of 20 000 compounds using a fluorescently tagged G4 DNA oligonucleotide derived from the NHEIII 1 region in the MYC promoter.
12 One of the small molecules identified in this screen, compound 1, inhibits MYC transcription in vitro in a G4-dependent fashion. Direct and reversible binding to MYC G4-DNA was validated through SPR and thermal melt assays. Furthermore, decreased MYC transcription correlated with decreased viability across a panel of multiple myeloma cell lines. In addition, the compound has minimal effect on cell viability in a Burkitt's lymphoma cell line harboring a MYC translocation that deletes the G4 in one allele and has only minimal toxicity in normal peripheral blood mononucleocytes. Finally, gene expression analysis and qPCR demonstrated that the compound reduced the expression of MYC and MYC target genes and did not alter the expression of several other genes, capable of being controlled by G4s, thus indicating considerable selectivity.
■ RESULTS AND DISCUSSION
To identify compounds that selectively bind to MYC G4 DNA, we used a small molecule microarray (SMM) screening approach ( Figure 1) . 36−42 Briefly, a library of 20 000 compounds was covalently immobilized on glass slides using isocyanate surface chemistry, as previously described. 43 Next, a Cy5-labeled MYC G4 oligonucleotide derived from the NHEIII 1 region of the promoter 12 was annealed and incubated with the printed library to identify discrete binding interactions ( Figure 1B ). In parallel, several other Cy5-labeled oligonucleotide structures (including RNA hairpins, 43 the FOXO binding domain, 44 and CAG repeat DNA 45 ), which served as controls, were screened in an analogous manner. For each compound in the library, a composite Z-score was calculated, and the MYC G4-incubated data set was compared to a buffer-incubated control data set. Compounds were considered hits if the composite Z-score was greater than three (representing three standard deviations from the mean of the screening library) and if no fluorescence was observed in the buffer-incubated sample. Those hit compounds found to bind other nonhomologous oligonucleotides investigated by the same technique were also eliminated from further consideration.
Using these criteria, 32 unique hit compounds were identified as binding selectively to the MYC G4 structure, for a final hit rate of 0.16%. We used the combination of Z-score, qualitative inspection of microarray results, and compound availability to select a panel of the 12 most promising hit compounds for further analysis ( Figure S1 ). Each of these compounds was evaluated for its capacity to functionally inhibit MYC oncogene expression, and to reduce cell viability in multiple myeloma cell lines. On the basis of these preliminary studies, we identified compound 1, a benzofuran-containing structure. In the SMM screen, 1 had a composite Z-score of 4.05 for the MYC G4 and less than 1 for CAG repeat DNA (0.10), FOXO3 DNA (0.16), HIV TAR RNA (0.45), and miR-21 RNA (−0.18). Furthermore, 1 has not been reported previously as a quadruplex-binding ligand. 19 Thus, 1 was an attractive candidate, and we continued its evaluation for further in-depth characterization ( Figure 1C) .
To assess the ability of compound 1 to bind to the MYC G4 in solution, a circular dichroism (CD)-based thermal melt experiment was employed. After annealing, the molecular ellipticity of the MYC G4 was measured by CD, where a maximum was observed at 262 nm and a minimum at 244 nm, thus confirming proper folding of the oligonucleotide into a parallel-stranded G4 46 (see Supporting Information Figure S2 ). To measure the melting temperature (T m ), molecular ellipticity was monitored at 262 nm as a function of temperature. Finally, a sample containing equimolar concentrations of compound 1 and the MYC G4 oligonucleotide was evaluated in the same experiment. Molecules that productively bind to the G4-DNA stabilize the structure, which generally increases its T m . 47 In the presence of compound 1, the T m of the G4-DNA increased by 2.1 (±0.5)°C ( Figures 1C and S2 ). Although this change in melting temperature was statistically significant, in comparison to other G4-binding molecules it is relatively modest in magnitude and an orthogonal biophysical technique was pursued to further validate binding.
To quantitatively assess the binding affinity of compound 1 with the MYC G4, we performed SPR experiments 48 using a biotinylated MYC G4 oligonucleotide. The oligonucleotide was immobilized to a streptavidin-coated chip, and binding was measured as a function of concentration ( Figure 1 ). This experiment demonstrated that compound 1 bound to MYC G4 DNA with an equilibrium dissociation constant (K d ) of 4.5 ± 1.4 μM ( Figure 1D ). Importantly, 1 interacted with MYC G4 DNA through a reversible binding interaction as observed in the sensorgram ( Figure 1D ). To compare the binding of 1 to a variety of other quadruplex structures, K d measurements were also performed by SPR on five other quadruplexes from other genes: KRAS, Bcl2, VEGF, Myb, and RB1 ( Figure S3 ). No binding was observed up to the limit of compound solubility for KRAS, Myb, or VEGF G4s. In contrast, 3−4-fold weaker binding was measured for Bcl2 and RB1 (14 μM and 13 μM, respectively, Figure S3 ). In sum, the microarray screen and biophysical studies performed here demonstrate that compound 1 binds reversibly to MYC quadruplex DNA. Importantly, however, in the microarray analysis binding was not observed to duplex DNA structures (such as the FOXO binding domain or CAG repeat DNA) or RNA hairpins. Furthermore, while 1 binds to the MYC quadruplex, weaker or no binding is observed in five other quadruplex structures.
Next, a PCR-stop assay was used to investigate the ability of compound 1 to inhibit MYC DNA amplification in a G4-dependent fashion. 49, 50 Under the conditions of the assay, a linear MYC Pu27 (mutant) sequence can be PCR-amplified using normal thermal cycling conditions. However, a G4-containing Pu27 (wild type) sequence blocks polymerase activity, thus inhibiting formation of the PCR product. In the presence of a G4-stabilizing ligand, PCR amplification is further inhibited. Indeed, compound 1 demonstrated dose-dependent inhibition of PCR amplification for the wild type Pu27 sequence at a variety of concentrations. In contrast, 1 had no effect at concentrations up to 100 μM on the amplification of a mutant sequence incapable of G4 formation and a weaker affinity of 12.7 μM to this sequence as measured by SPR ( Figure 2A , Supporting Information Figure S3A ). Taken together, these in vitro data point to a G4-dependent mechanism of inhibition by the lead compound.
To evaluate whether the effects of compound 1 on MYC in cells was dependent on the presence of the G4 in the promoter, the CA46 Burkitt's lymphoma line was used in an exon-specific assay. 23 For most cell lines, 85−90% of MYC expression is controlled by the G4 located prior to exons 1 and 2 in the promoter. Furthermore, expression predominantly occurs following exon 2, due to a 1000-fold increase in transcription from this allele. 51 The CA46 Burkitt's lymphoma cell line is an exception due to the existence of a chromosome (8:14) 52 translocation between exons 1 and 2. In the CA46 line, only exon 1 is under G4 control, and the majority of MYC expression comes from exon 2, which is independent of G4 regulation ( Figure 2B ). This uncommon location for translocation insertion into the MYC locus renders the overall cell line resistant to G4-mediated MYC inhibition, 23 and proliferation should not be affected by G4-stabilizing agents. Using FAM-tagged exon specific TaqMan gene expression assays with qPCR for MYC, we demonstrated that treatment of CA46 with compound 1 caused down-regulation of transcription from exon 1, which contains the G4, while transcription from exon 2, which does not contain a G4, is unaffected at treatment times of up to 48 h ( Figure 2B ). Further, as MYC protein expression in this line is mostly due to the G4-independent translocation, MYC protein levels were unchanged in CA46 cells treated with compound 1 ( Figure 3D ).
Since two-thirds of multiple myeloma cases involve deregulated MYC expression, 53, 54 we evaluated the effects of compound 1 on cell viability in 10 different multiple myeloma cell lines (Table 1) . Compound 1 inhibited L363 cell viability in a dose-and time-dependent manner, with an IC 50 of 5.8 ± 1.0 μM after 72 h. By comparison, BRACO-19, another wellstudied G4-binding compound, has an IC 50 of 15.3 μM in this cell line, which is consistent with literature values of ∼1−13 μM across several other cell lines. 33, 34 Furthermore, compound 1 induced a 7-fold decrease in MYC transcription after 24 h of treatment in L363 cells ( Figure 3A) . Additionally, MYC protein expression was also inhibited by exposure to 10 μM of compound 1, while vehicle treated cells showed no change in MYC protein levels ( Figure 3B ). MYC was also suppressed in a dose dependent manner when treated with 1 ( Figure 3C ). This suppression was maintained over 72 h, which is notable given the characteristic rapid replenishment of this protein 55 a phenomenon that complicates targeting MYC at the protein level. Decreases in MYC protein were observed in all lines tested with 1, and this effect also correlated with decreases in cell viability ( Figure 3D ). The CA46 Burkitt's lymphoma line (lacking a G4) was included in this panel as a resistant control, and it showed negligible changes in MYC expression or cell viability when treated with compound 1. In addition, at a concentration of 10 μM, compound 1 did not alter viability of peripheral blood mononucleocytes drawn from a healthy volunteer ( Figure 3D ).
To further explore the mechanism of action of compound 1 on myeloma cells, we performed cell cycle analysis and monitored the cells for apoptosis. Compound 1 caused ∼85% of the treated cells to arrest in the G1 phase after 72 h, as measured by flow cytometric analysis of propidium iodide stained cells ( Figure 4A ), and increased apoptosis from 7% in untreated cells to 13% of treated cells, as measured by Annexin V/7-AAD staining ( Figure 4B ). The minimal induction of apoptosis observed by Annexin V staining was supported by Western blots for activation (proteolytic cleavage) of the apoptotic mediator, caspase 3 (Supporting Information Figure  S4) . Additionally, the compound triggered a substantial increase in senescence-associated β-galactocidase staining in myeloma cells after 72 h of treatment, supporting cell cycle arrest/senescence as a primary mechanism of action ( Figure  4C ). Taken together, these results support the conclusion that compound 1 is acting through suppression of MYC expression, rather than a nonspecific mechanism of action.
To further explore the specificity of compound 1, we evaluated its effects on the expression of a panel of 770 cancer- associated genes in a quantitative, digital gene expression assay (Nanostring) in L363 cells. 56 In addition to MYC itself, several MYC target genes were included in the panel, as were a number of other G4-driven genes. Cells were treated with 10 μM of compound 1 for 2, 4, 12, 24, and 48 h and separately at concentrations of 1, 2.5, 5, and 10 μM for 24h, and the effects on gene expression were evaluated. In Figure 5A , the 145 genes whose expression changed ≥1.5 fold in at least one of the five time or dose points are reported. In the heatmaps, Log2 fold changes relative to a vehicle (DMSO) treated control are shown ( Figure 5A ). Gene expression was modulated as a function of both time and concentration of 1. Importantly, MYC was one of the most suppressed genes. Furthermore, after 4 h, a number of known MYC target genes were also suppressed, including E2F1, MCM2, MCM4, MCM5, and CDC25A. Expression levels of the known MYC target gene E2F1 were also validated in additional experiments by qPCR (Supporting Information Figure S5) . A third data set was collected to compare compound 1 to JQ-1 (a BETbromodomain inhibitor) and quarfloxin (another G4-binding small molecule; Figure 5A ). All three inhibitors exhibited substantial nonoverlapping differences in their gene expression profiles, highlighting the distinct mechanism of action of compound 1.
As evaluating specificity was a principal goal of this experiment, the effects of compound 1 on a number of known G4-driven genes in the panel were examined further. Expression levels of MYC, RB1, VEGFA, KRAS, and HIF1α, all of which are reported to be under the control of promoter G4s, and are expressed in L363 cells, were included in the panel of genes evaluated in Figure 5A . The change in expression for each of these genes (nanostring) over time is presented in Figure 5B . While MYC expression was substantially reduced at all time points, expression of other G4-associated genes was minimally affected. To further confirm these results, we also performed qPCR experiments on the same five genes ( Figure  5C ). Again, MYC expression is greatly reduced while other genes are minimally affected. These changes in gene expression are in line with biophysical measurements of compound affinity. While the quadruplex with the highest affinity for 1 (MYC) had pronounced changes in gene expression, G4s with weaker binding (RB1, BCL2) or a complete lack of G4 binding (KRAS, VEGF) had minimal changes in expression, even after 48 h of treatment.
Having established the reversible binding of compound 1 to the MYC G4 DNA and its G4-dependent silencing of MYC, a remaining consideration was the presence of a benzylaminophenol functional group in compound 1. It has previously been reported that compounds containing this functional group can have the propensity to eject amines, form an o-quinone methide, and alkylate proteins or DNA. 57−59 To assess whether compound 1 was undergoing this reactivity, a small series of analogs was prepared ( Figure S6 ). In Figure 5D , compounds lacking the phenol or amino group were prepared and evaluated. Compound 2 (lacking the amino substitution) was not active, while compound 3 (incapable of forming a quinone methide) retained some activity in silencing MYC expression, demonstrating the importance of the amino group for activity. Further evidence supporting the role of these functional groups in binding is evidenced in SPR experiments ( Figure S7 ), where compound 2 did not bind to the G4 and compound 3 bound, but with weaker affinity than 1. The stability of compound 1 was also evaluated by LC/MS (see Supporting Information, Figure S8 ). Here, it persisted in culture media over a period of 72 h, confirming that the compound is largely stable in complex, biologically relevant mixtures over the time frame of viability and gene expression assays used in this study. Additionally, the putative hydrolysis product arising from quinone methide formation was not observed at any time by LC/MS, further suggesting that compound 1 is unlikely to have a high propensity to form a quinone methide.
■ CONCLUSION
In conclusion, we have utilized a SMM screening approach to identify a new small molecule G4 stabilizing compound that transcriptionally silences MYC expression in myeloma cells.
The development of such molecules is an attractive alternative to the direct inhibition of MYC protein activity. By evaluating multiple oligonucleotide structures simultaneously as part of the initial screen, selectivity considerations were incorporated early in the discovery process. Binding affinity, coupled with decreases in MYC protein expression and cell viability, led to the identification of a novel G4-binding benzofuran scaffold, compound 1, that specifically inhibited G4-dependent MYC expression in myeloma cells. This relatively stable compound binds reversibly to the MYC G4 with an equilibrium dissociation constant of 4.5 μM. Further, weaker or no binding was observed in a variety of other G4 structures in SPR experiments. While MYC is silenced in cellular models, other G4-driven genes are silenced transiently or not at all. Differential binding to quadruplexes may be considered as a mechanism for the observed biological selectivity. An analog of 1 lacking the amine was completely inactive, while an analog lacking the phenol group (incapable of forming a quinone methide) retained some activity. Thus, the amine functionality may be required for binding to the quadruplex, while the formation of a quinone methide structure may not be. G1 arrest and senescence were triggered in myeloma cell lines, whereas the viability of normal human mononucleocytes was only modestly affected. Transcriptional profiling of genes affected by 1 revealed it induced a decrease in the expression of MYC and MYC target genes as a function of both time and dose. Furthermore, 1 displayed a gene expression profile distinct from that produced by JQ1, a BET bromodomain inhibitor known to decrease MYC expression, and quarfloxin, another G4-binding compound. This unique and selective expression profile is particularly notable given the role of MYC in controlling the expression of a large number of genes within the genome, and its relevance to cancer. Combined with the lack of toxicity to cells where MYC is not under the control of a G4, or to PBMCs, the selective toxicity and MYC silencing activity exhibited by 1 make it an attractive candidate for further study. Although modulation of oncogene expression via G4 stabilization holds much promise as a therapeutic approach, there is not yet a clinically approved G4 stabilizing drug. Thus, the discovery and study of new chemical scaffolds that modulate quadruplex-driven gene expression, and technologies that enable such discoveries, remain areas of high importance. The selective modulation of MYC protein expression levels itself is also a highly desirable goal from a therapeutic standpoint, where chemical inhibition of MYC has been long sought after and is generally difficult to achieve. We hypothesize that compound 1, or a more potent derivative, would have high utility in this regard. Furthermore, given the emergence of numerous G4s as regulatory elements in a variety of genes, 60 the SMM approach may be broadly applicable to rapidly identifying new classes of selective G4-stabilizing small molecule scaffolds for other genes as well.
■ MATERIALS AND METHODS
Small Molecule Microarray Screening. Small molecule microarray screening was carried out as previously described. 37, 43, 61 Briefly, γ-aminopropyl silane (GAPS) microscope slides were functionalized with a short Fmoc-protected amino polyethylene glycol spacer. After deprotection using piperidine, 1,6-diisocyanatohexane was coupled to the surface by urea bond formation to provide functionalized isocyanate-coated microarray slides that can react with primary alcohols and amines to form immobilized chemical screening libraries. A total of 20 000 unique small molecule stock solutions (10 mM in DMSO) purchased from ChemBridge and ChemDiv screening libraries, in addition to dyes and controls, were printed in duplicate onto four slides of 5000 compounds each and exposed to pyridine vapor to facilitate covalent attachment to the slide surface. After drying, slides were incubated with a polyethylene glycol solution to quench unreacted isocyanate surface. Printed slides were incubated for 1 h at RT with a Cy5-tagged DNA oligonucleotide of the MYC G4 forming sequence (5′d(Cy5)-TGAGGGTGGGTAGGGTGGGTAA-3′), which had been annealed by heating to 95°C for 3 min, cooled to RT, and diluted to 500 nM in PBS. Following incubation, slides were gently washed three times for 5 min in PBST, twice in PBS, and once in deionized water to remove unbound oligonucleotide and dried by centrifugation for 2 min at 3400g. Fluorescence intensity was measured (650 nm excitation, 670 nm emission) on a GenePix 4000a Microarray Scanner. Hits were identified on the basis of signal-to-noise ratio (SNR), defined as mean foreground − mean background/standard deviation of background, and Z-score, with the following criteria: (1) Raw SNR > 0, (2) SNR > 3 SD above negative control readings, (3) coefficient of variance (CV) of replicate spots <100, (4) SNR of negative control slide <1, and (5) no activity with any other nucleic acid structures screened. The other nucleic acids were the FOXO3 DNA transcription factor binding domain, CAG DNA repeat, HIV TAR RNA, and miR-21 RNA, all of which were Cy5-labeled, and the screens were run in the same method described above using the respective Cy5-nucleic acid instead of the MYC DNA.
PCR Stop Assay. A test oligonucleotide and a complementary sequence that partially hybridizes to its last repeat (sequences below) were synthesized by IDT. The reactions were performed in a master mix containing 1× PCR buffer, 10 μmol of each oligo, 0.16 mM dNTP, 1.5 mM MgCl 2 , 2.5 U HotStarTaq polymerase (Qiagen), and a dose titration of a ligand of interest, spanning 3 orders of magnitude, in 25 μL total volume. The thermal cycling conditions were as follows: 94°C for 5 min, followed by 22 cycles of 94°C for 30 s, 58°C for 30 s, 72°C for 30 s, and finally held at 4°C following completion. The amplified products were mixed with 6× DNA loading dye (Thermo Scientific) and resolved on a 15% TBE-Urea Gel (Invitrogen) on the Novex mini gel system at 150 V for 1 h. The gel products were stained in a 0.01% (v/v) ethidium bromide-TBE solution for 15 min and imaged under UV light on the GBOX F3 (Syngene).
Oligos used. Forward: 5′-AGG GTG GGG AGG GTG GGG-3′ (partial sequence in the promoter of oncogene MYC that may form G4)
Forward mutant: 5′-AGG GTG AAA AGG GTG GGG-3′ Reverse: 5′-ATC GAT CGC TTC TCG TCC TTC CCC A-3′ (complementary sequence used for both forward and reverse)
Exon Specific Assay. CA46 cells were treated with ligands of interest or DMSO control at designated time points, washed in PBS, flash frozen, and RNA isolated using the Qiagen RNeasy Kit. RNA was quantified by NanoDrop, and 0.5 μg was reverse transcribed for use in qPCR. Reverse transcription was performed using the Applied Biosystems Kit B808−0234, cycled at 25°C for 10 min, 48°C for 60 min, 95°C for 5 min, and held at 4°C following completion in 25 μL total volumes. The cDNA was diluted 4-fold and used in qPCR with the Taqman Gene Expression Assays (Life Technologies, exon 1:01562521_m1, exon 2:00153408_m1), cycled at 50°C for 2 min, 95°C for 10 min, and followed by 40 cycles of 95°C for 15 s and 60°C for 1 min on the Applied Biosystems 7500 Fast Real-Time PCR System. For exon 1 and exon 2, ΔC t was normalized to a VIC-Primer Limited tagged GAPDH Taqman Gene Expression Assay (multiplexed in the same well) and DMSO treated control samples.
Thermal Melt Assay. Thermal stability of the MYC G4-forming oligonucleotide Pu22 (TGAGGGTGGGTAGGGTGGGTAA) in the absence and presence of compounds was recorded on an Aviv Biomedical Inc. Model 420 Circular Dichroism Spectrometer. The MYC G4 was diluted to 50 μM in 10 mM Tris buffer (pH 7.5, containing 100 mM KCl), heated to 95°C for 5 min, and allowed to cool to RT. Positive molecular ellipticity of the parallel G4 peak (262 nm) was confirmed by spectral examination. To 150 μL of the G4 in buffer was added 1 equiv of compound (150 μL of a 50 μM solution in buffer containing 0.5% DMSO), after which the mixtures were heated from 5 to 95°C at 2°C/min in a 0.1 mm quartz cell. Molecular ellipticity as a function of temperature was used to calculate a T m (the temperature at which 50% of the formed higher order DNA structure was melted) for each condition using GraphPad Prism 6 software and a nonlinear regression model with a variable slope. ΔT m values were calculated as T m(+compound) − T m(control) .
Surface Plasmon Resonance (SPR). SPR experiments were performed with a Biacore T200 (GE Healthcare). A total of 20 μg/mL biotin-labeled Pu22 G4 in 10 mM Tris buffer (pH 7.5, containing 100 mM KCl, 3 mM EDTA) was heated to 95°C for 5 min, and allowed to cool to RT. The MYC DNA was then captured (FC2:1245 Ru) on a Series S Sensor CM5 Chip (GE Healthcare) with amine-coupled Neutravidin (FC1:4466 Ru, FC2:5458 Ru). Single cycle kinetics (SCK) experiments were carried out with five injections of increasing concentration of analyte solution, which was prepared by a 3-fold serial dilution of compound with buffer (10 mM Tris pH 7.5, 100 mM KCl, 3 mM EDTA) containing 3% DMSO. Binding analysis was conducted at a flow rate of 30 μL/min at 25°C. In each run, the association phase and the subsequent dissociation phase were monitored for 1 and 10 min, respectively. Prior to each compound injection, three buffer injections were made. From the obtained reference-subtracted sensorgrams, the dissociation constants (K d ) of the compounds were estimated by a global fitting to a simple 1:1 binding model in the Biacore evaluation software (GE Healthcare).
Cell Culture Conditions and Experimental End points. Human multiple myeloma and Burkitt's lymphoma cell lines L363, CA46, MM-1R, KMS-11, MM-1S, 8226, ARD, JIM1, KMM1, LP1, KMS27, AMO1, KMS12PE, and MOLP8 were cultured and authenticated as previously described. 62 All cell lines were cultured in RPMI-1640 (2 mM L-glutamine, 10% fetal bovine serum (FBS), 100 U/mL penicillin, 100 μg/mL streptomycin: Gibco) and incubated at 37°C with 5% CO 2 . Viability experiments were performed in quadruplicate on 96-well plates (Costar) at designated time and dose points. The MTS reagent was then directly added and incubated at 37°C for 90 min, and the absorbance of MTS formazan was read at 500 nm on an Omega 640 spectrophotometer. Percentage cell viability was normalized to the absorbance of untreated (DMSO) wells.
In the case of cells harvested for their protein or RNA, pellets were flash frozen and stored at −80°C overnight prior to use. For cell cycle analyses, 2 × 10 6 cells were washed with cold PBS and fixed with 1 mL of 70% ethanol for 30 min. Cells were stained with 0.5 mL PI/Rnase staining buffer (BD, Catalog #: 550825) for 15 min at RT and analyzed by flow cytometry (BD FACSCalibur). Data were analyzed and generated by Modfit LT. For apoptosis assays, 2 × 10 6 cells were washed twice with cold PBS and cells were stained following the protocol from the PE Annexin V Apoptosis Detection Kit I (BD, Catalog #: 559763). The stained cells were analyzed by flow cytometry (BD FACSCalibur) within 1 h. Data were analyzed with FlowJo.
β-Galactosidase staining to detect senescent cells was performed using Senescence β-Galactoside Staining Kit (Cell Signaling Technology #9860). L363 cells treated with and without 10 μM of compound 1 were stained with the chromogenic substrate X-gal overnight in a dry incubator without CO 2 . Standard experimental procedure was followed per manufacturer's protocol at pH 6. β-Galactosidase activity is present in senescent cells but not quiescent or immortalized cells at pH 6.
Western Blots. Cell pellets were homogenized and lysed in RIPA buffer on ice for 1 h. Protein was quantitated by BCA, and equal protein was loaded onto 4−12% Bis-Tris Gels (Novex), electrophoresed at 150 V for 75 min to obtain sufficient separation, and transferred with the iBlot system (Life Technologies). Successful transfer and uniform loading was confirmed by Ponceau S staining (Thermo Scientific). Blots were blocked in 10% dry milk in TBST, incubated with primary monoclonal antibodies in 5% BSA at concentrations designated by the manufacturer, and gently rotated at 4°C overnight. Blots were washed with TBST three times prior to incubation with polyclonal secondary antibodies for 1 h in 5% dry milk at RT. Blots were washed three more times with TBST and imaged with Supersignal West Dura Chemiluminescent Substrate (Thermo Scientific) on the GBOX F3 (Syngene). The MYC monoclonal antibody was purchased from Abcam (ab84132) and used at a concentration of 1:1000. All other monoclonal antibodies were purchased from Cell Signaling Technologies and used at a concentration of 1:1000, with the exception of α−β tubulin, which was used at a concentration of 1:2000. All primary antibodies used in this study were of rabbit origin, and goat antirabbit IgG (H+L) horseradish peroxidase conjugate (Invitrogen G21234) was used as the polyclonal secondary antibody at a concentration of 1:4000. For better quantitation of MYC protein, a size based automated capillary immunoassay system (Simple Western, ProteinSimple, Santa Clara, CA) was performed by the Center for Cancer Research Collaborative Protein Technology Resource Group according to manufacturer's protocols. 63 Cancer Genome-Wide Probing and Statistical Packaging. Myeloma cells were treated with 10 μM of compound 1, 500 nM JQ1, and 10 μM of Quarfloxin for 24 h. RNA of treated myeloma cells at designated time points (2, 4, 12, 24, 48 h) and doses (1, 2.5, 5, and 10 μM) was isolated with the Qiagen RNeasy kit and used with the nCounter Human Cancer Reference Kit (NanoString Technologies), surveying changes in expression for 780 cancer-related human genes and six reference genes. Quantitative changes in expression were analyzed and grouped in the form of a heat map using the programming language R. All other quantitative statistical analyses were performed in GraphPad Prism.
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